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Abstract 
Knowledge about cyclic influences and their interdependencies supports the prediction of future changes in manufacturing systems
and is thus highly valuable for manufacturing planning. Based on system dynamics and former research regarding cycle manage-
ment, a dynamic cycle network is developed. This enables quantitative analysis and comprehension of cycles within the network, 
helping to understand future behavior of cyclic influences in manufacturing and to anticipate their potential effects. The results
contribute to the development of a planning framework for continuous production planning by further elaborating the innovative 
concept of cycle management in manufacturing. 
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1. Introduction 
“Nothing endures but change” (Heraclitus 535 BC – 
475 BC). For more than a decade changeability has been 
a research topic of high relevance in manufacturing 
science. Changeability affects manufacturing companies 
on every system level – reaching from manufacturing 
technologies, manufacturing resources and factory 
structures up to global supplier networks [1]. Within this 
article changeability is used as an umbrella term for a 
variety of more specific terms like flexibility, re-
configurability, agility, etc. What these terms all have in 
common is that in a turbulent environment 
manufacturing companies are always better off if they 
manage to enhance these properties with respect to their 
manufacturing plants, structures, systems, and resources. 
However, increased changeability generally correlates 
with higher cost or reduced efficiency or even both [2,3]. 
Hence, at least theoretically, an economic level of 
changeability can be determined [3,4].  
But where does the importance of changeability 
originate? Usually some of the following reasons are 
mentioned in literature: companies have to struggle with 
an increasing number of product variants [1], shortened 
product life cycles [5], high uncertainty of future 
requirements (e.g. demand, product mix, new 
technologies, and regulations) [6], increasing importance 
of resource efficiency and sustainable manufacturing 
[7,8], and finally a general compulsion for cost-
efficiency caused by global competition. On the one 
hand, this challenging manufacturing environment leads 
to a high frequency of necessary reconfigurations of the 
manufacturing system – e.g. adaptations and integration 
of product or process innovations – and an increasing 
importance of equipment reuse to save resources. On the 
other hand, costs for the implementation of changes are 
growing with the degree of uncertainty about future 
requirements because long-term production planning 
becomes highly unsure; thus, even far-reaching 
decisions unavoidably have to be made rather short-term 
in practice [9]. 
© 2014 The Authors. Published by Elsevier B.V This is an open access article under the CC BY-NC-ND license 
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In order to be able to perform effective planning 
under these circumstances, planning processes in 
manufacturing have to be designed for a continuous 
execution [10,11]. However, continuous planning must 
be based on a continuous “flow of information” relevant 
to the planning task at hand. As many influencing 
factors, changes, and processes in manufacturing can be 
abstracted by means of reoccurring patterns over time – 
so called cycles – the concept of Cycle Management has 
been proposed to cope with the complex cycle networks 
arising from the interrelations of all relevant influences 
[12]. Also, a generic model for the characterization of 
cycles has been elaborated and operationalized in the 
form of Cycle Information Sheets (CIS) [12]. 
Relevant cycles in manufacturing planning are 
selected and used to illustrate modeling and computation 
of their time-varying interaction in so called dynamic 
cycle networks. To achieve that, a system dynamics 
based approach is presented. As an outlook, promising 
fields of application are discussed and future research 
topics are outlined. 
2. State of the art 
In recent years, the concept of influencing factors on 
manufacturing enterprises causing changes was broadly 
investigated. Wiendahl et. al [13], ElMaraghy [14], 
Dashchenko [10] and others [15] identified different 
change drivers such as products, markets or new 
manufacturing technologies and proposed different 
categories for clustering (e. g. internal and external 
influences). On the other hand, change objects, e. g. on 
the manufacturing system or factory level [16], enablers 
for change, e. g. modularization or mobility, have been 
analyzed [1], and indicators for required change 
depending on the actual influencing factors have been 
defined [17]. In this context, Cisek et al. [18] and Möller 
[18,19] developed a recipient model explaining the 
effect of influencing factors on manufacturing. 
At first, these change drivers are seen as rather static 
influences, but actually most of them show a dynamic 
behavior over time [20]. Therefore, different models 
have been developed describing the respective influence 
dynamically. Common examples are the product life 
cycle or the technology life cycle [21]. 
In factory and manufacturing planning relevant 
influencing factors are analyzed and evaluated with 
respect to the factory to be planned [22,23]. Well 
established approaches are mainly analytical ones, 
focusing on e. g. product planning data, layout 
constraints and optimal material flows incorporating 
general constraints and factory objectives [23–25]. Other 
potentially uncertain influences, e. g. new manufacturing 
technologies, product life cycles or occurring 
engineering changes, are usually considered as time-
varying change drivers, but their dynamic behavior 
caused by interdependencies is usually neglected. 
An approach to cope with those uncertain influences 
is the scenario analysis introduced and further developed 
by e. g. Dashchenko & Gausemeier et al. [10,26]. 
Considering interactions between influences, different 
future scenarios can be created – but historical 
observations and data as well as a dynamic modeling of 
influences are not covered yet. This aspect is addressed 
by the introduction of cycles to model influences on 
manufacturing by Zäh et al. and Reinhart et al. [20,27]. 
Koch & Plehn et al. [12] developed a generic cycle 
model capturing relevant influences and hence prepared 
the basis for the elaboration of a dynamic cycle network. 
In this context, first activities explored the application of 
design structure matrices to create a static cycle network 
depicting interdependencies of cycles [28]. Following 
that, fuzzy sets have been investigated as a tool to model 
those interdependencies on a qualitative basis. Results 
indicated possible applications for analysis and 
prediction of influences on manufacturing, but also 
showed a high demand for pre-set rules about the 
relation of influences and a lack of quantitative 
dependencies [29]. 
Summarizing this, influences on manufacturing are 
and will remain a highly relevant field of research for 
manufacturing planning. Despite the amount of 
knowledge created about influences and change drivers, 
their time-dependent behavior, and their 
interdependencies, the need for a dynamic model of the 
network of influences is ongoing. This paper provides an 
approach for modeling such a dynamic cycle network. 
3. Method for cycle networks 
3.1. Construction of cycle networks 
As a preparation for computing dynamic cycle 
networks (cf. 3.2), firstly, a static framework has to be 
developed. For this purpose the following three step 
approach is proposed: 
(1) Selection of change-relevant influences in 
manufacturing 
(2) Description of each influence’s cyclic behavior 
(3) Identification of plausible interrelationships between 
influences 
(1) Based on an industrial survey, previous research 
results [20,27], a literature review and expert interviews, 
change-relevant influences in manufacturing systems 
and characteristic patterns have been selected: the 
product life cycle (PLC) [30], the manufacturing 
technology life cycle (TLC) [31], the engineering change 
cycle (ECC) [32] and the manufacturing change cycle 
(MCC) (based on [32]), the manufacturing resource 
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cycle (MRC) [33] and the manufacturing structure cycle 
(MSC). The cycles are characterized as follows: 
x Product life cycle – development of number of units 
produced and revenue 
x Manufacturing technology life cycle – development 
of its maturity for specific manufacturing tasks 
x Engineering change cycle – engineering changes of 
the product affecting manufacturing 
x Manufacturing change cycle – implementation of 
changes for manufacturing resources or structures 
x Manufacturing resource cycle – development the 
resource’s suitability (e.g. of robots, handling 
devices) for the respective production system 
x Manufacturing structure cycle – development of the 
structure’s suitability (e. g. of production line, 
layout) for the respective production system 
Besides, cycles of politics, knowledge, factory 
buildings, employees, and processes have been identified 
as possible change drivers, but have not been included 
here either because their impact on manufacturing 
systems is rather negligible, unpredictable or occurs 
extremely rarely compared to the aforementioned cycles. 
(2) Cycle Information Sheets [12] are a framework 
for organizing information about cycles. The required 
characteristics, such as a plot of a dependent variable 
over time, were mostly taken from an extensive 
literature review on established cycle models. 
(3) To derive the static structure of cycle networks 
their interdependencies have to be specified. Design 
Structure Matrices (DSM) can be applied to check the 
interaction between all cycles in a quadratic matrix. 
Figure 1 shows whether an interaction of PLC, TLC, 
MSC, MRC, ECC, and MCC is assumed based on expert 
interviews conducted within industry.  
Fig. 1. DSM of the static cycle network 
As individual cycles are characterized by a dynamic 
behavior, also the resulting cycle network varies over 
time. The DSM can be represented as the following 
causal loop diagram shown in Fig. 2. 
Fig. 2. Causal loop diagram of the System Dynamics model 
The quantitative modeling of its behavior is presented 
in the following section. 
3.2. Dynamic Cycle Network 
Understanding the dynamic behavior of cyclic 
influences affecting manufacturing is highly valuable for 
strategic manufacturing planning. Modeling the complex 
interdependencies of cycles in a dynamic cycle network 
provides the opportunity to compute probable scenarios 
and to carry out sensitivity analyses to gain deeper 
insight into the future behavior of change drivers. 
Based on the causal loop diagram (Fig. 2) the 
dynamics of the cycle network are now modeled in two 
steps. First, the dynamic behavior of the individual 
cycles is formulated mathematically. Subsequently, the 
influences between the individual cycles are modeled. 
Step 1. Many natural processes, including those of 
complex system learning curves, show an accelerating 
progression from small values and tend to an upper limit 
over time. As a first approximation, characteristic cycle 
patterns can be described similarly. Modeling this 
behavior, sigmoid functions, i. e. the logistic function or 
s-curve respectively, is a common approach. The 
differential form of the equation 
( ) ( ( ) )( ( )),  (0) [ , ]Lo Hi Lo Hix t k x t x x x t x x x     (1) 
describes the growth of variable ݔሺݐሻ  from its lower 
bound ݔ௅௢ to the upper bound ݔு௜. ݇is the growth rate. 
In system dynamics modeling, ݔሺݐሻ represents the level 
of a stock, ݔሶሺݐሻ its flow. It has to be noted that ݔሺݐሻ will 
only change over time if its initial value ݔሺͲሻ א
ሿݔ௅௢ǡ ݔு௜ሾ, otherwise its derivative will remain ݔሶሺݐሻ ൌ Ͳ.
The logistic function (1) is now used for modeling the 
individual cycles and is parameterized as follows: 
The logistic function (1) is now used for modeling the 
optimal realistic cycles ݔ௢௣௧  depicting the individual, 
uninfluenced pattern of the respective cycle. ܶܮܥ௢௣௧ ,
ܯܴܥ௢௣௧  and the ܯܵܥ௢௣௧  can be modeled just by 
parameterizing eq. (1) as shown in Tab. 1. 
TLC
MSC
PLC
MCC
ECC
MRC
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Values of the parameters were obtained by heuristic 
optimization. The lower bounds ܯܴܥ௅௢  and ܯܴܥ௅௢
(Tab. 1) thereby indicate that neither the manufacturing 
resources nor the manufacturing structure ever lose their 
suitability completely. Negative growth rates indicate 
decreasing cycles. 
ܲܮܥ௢௣௧ሺݐሻ is modeled section-wise using s-curves with 
minimum and maximum capacities ܲܮܥ௅௢  and ܲܮܥு௜
that are changing over time. 
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ܧܥܥ௢௣௧ are modeled as an event occurring randomly 
over time. The probability of occurrence is thereby 
depending on the phase of the ܲܮܥ௢௣௧ and is especially 
high during the introduction and “face-lift” phase of the 
ܲܮܥ. When an engineering cycle occurs at ݐ ൌ ݐா஼஼כ , the 
value of ܧܥܥ௢௣௧ሺݐா஼஼כ ሻ  is set to ܧܥܥ௢௣௧ሺݐா஼஼כ ሻ ൌ ͲǤͲͳ
and ܧܥܥ grows following the differential equation 
max2
max
( ) ( - ( )) ( ) 
<
ECC
opt opt opt
k
ECC t ECC ECC t ECC t
ECC
 (3) 
ܧܥܥ௠௔௫  describes the impact of change and is 
represented as carrying capacity of the stock, ݇ா஼஼ ൌ ͶͲ
the growth rate. As soon as ܧܥܥ௢௣௧ሺݐሻ ൒ ͲǤͻͻܧܥܥ௠௔௫
the engineering cycle is finished and ܧܥܥ௢௣௧ሺݐሻ  is set to 
ܧܥܥ௢௣௧ሺݐሻ ൌ Ͳ until the next ܧܥܥoccurs.
The ܯܥܥ  is a user initialized event that sets 
ܯܥܥሺݐெ஼஼כ ሻ ൌ ͲǤͲͳ . Therefore ܯܥܥሺݐሻ  grows during 
the cycle, following the differential equation 
( ) ( )(1 (t)) 
<
opt MCC opt optMCC t k MCC t MCC   (4) 
In contrast to an ܧܥܥ௢௣௧, a ܯܥܥ௢௣௧ is only finished 
(and its stock cleared) when the suitability of the 
manufacturing resource is reset to its uninfluenced value 
ܯܴܥ௥௘௔௟ሺݐሻ ൌ ͲǤͻͻܯܴܥ௢௣௧ሺݐሻ . Whenever a ܯܥܥ௢௣௧
occurs and ܶܮܥ௢௣௧ሺݐெ஼஼כ ሻ ൐ ͲǤͺ , a new technology is 
adopted and ܯܴܥ௢௣௧ሺݐெ஼஼כ ሻ is reset to its initial value 
ܯܴܥ௢௣௧ሺݐெ஼஼כ ሻ ൌ ܯܴܥ௢௣௧ሺͲሻ.
Step 2. Due to the dynamic influences between the 
individual cycles, the real patterns can only follow their 
uninfluenced ones to a certain degree 
( ) (x ( ) )G  real opt Lo Lox t t x x  (5) 
The scaling factor ߜ thereby interpolates the real pattern 
ݔ௥௘௔௟ሺݐሻ based on the ideal and the minimum possible 
pattern ݔ௢௣௧ሺݐሻ (1) and ݔ௅௢.ܯܴܥ௥௘௔௟ is defined as 
(t) (t)( ( ) )G  real MRC opt Lo LoMRC MRC t MRC MRC  (6) 
3
*
( ) g ( ) ( )
( ) ( )(1 (t t ))
G
G
  
    
<
<
MRC ECC real TLC opt
PLC real MCC MRC
t ECC t g TLC t
g PLC t g MCC t
The scaling factor ߜெோ஼  integrates the effects of 
influencing cycles depending on their weighting factors 
ig  representing their relative magnitude of impact. A 
ܯܴܥ is affected by 
x ܧܥܥ௥௘௔௟ – shows the negative effect of engineering 
changes, ݃ா஼஼ ൌ ͲǤ͹
x ܶܮܥ௢௣௧ଷ  – indicates the increasing impact of 
technologies with high maturity, ்݃௅஼ ൌ ͲǤͳ
x หܲܮܥሶ ௥௘௔௟ห – represents the influence of changes in the 
production volume, ݃௉௅஼ ൌ ͷ
x ܯܥܥ  – resets the ܯܴܥ௥௘௔௟ to its optimal realistic 
value ܯܴܥ௢௣௧ǡ ݃ெ஼஼ ൌ ͵
The manufacturing structure cycle 
3 4
1
( ) ( )( ( ) )
( ) ( )
( ) ( ) ( )
2
G
G
  

 
real MSC opt Lo Lo
MSC real
MSC t t MSC t MSC MSC
MRC t MRC tt MRC t MRC t
 (7) 
models a structure of four manufacturing resources 
where the first two are set up in serial and the second 
two are set up in parallel. The scaling factor ߜ௉௅஼
conflates the calculated ܯܴܥ accordingly.  
Finally, the ܲܮܥ௥௘௔௟  is negatively affected if the 
ܯܵܥ௥௘௔௟ differs from its optimal pattern ܯܵܥ௢௣௧
( ) ( ) ( )
( )
( )
( )
G
G
 
 
real opt PLC
real
PLC
opt
PLC t PLC t t
MSC t
t
MSC t
 (8) 
Table 1.  Parameters of the logistic function models for chosen cycles
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4. Results 
Applying System Dynamics, a dynamic network of 
cyclic influences could be implemented. Fig. 3 
visualizes the original trend of product life cycle, 
technology life cycle, manufacturing structure and 
resource cycle. Fig. 4 shows the engineering changes 
occurring and manufacturing changes implemented 
while Fig. 5 and Fig. 6 visualize the resulting product 
life cycles as well as manufacturing structure and 
resource cycles. Results indicate the general validity of 
assumptions made for the interdependencies of the 
modeled cycles. Engineering changes reduce 
(manufacturing changes increase) the suitability of 
manufacturing resources and structure, which adversely 
affect the product life cycle. Sufficient maturity of new 
production technologies raises the suitability of a 
manufacturing resource when implemented during a 
manufacturing change cycle, but has no direct influence 
on the product life cycle. 
5. Discussion and future research 
Modeling dynamic cycle networks makes their 
interdependencies and time-depended behavior tangible. 
System Dynamics as a modeling tool has proven its 
suitability for this task providing valid insights into the 
behavior of cyclic influences and their impact on manu-
facturing. Depicting a system consisting of a 
manufacturing structure (with two serial and two parallel 
manufacturing resources (7)) and different cyclic 
influences (e. g. product life cycle, engineering change 
cycle), quantitative relationships between the elements 
could be modeled and analyzed. 
Shape and interdependencies of cycles may differ 
from industry to industry. Hence, the model developed 
will have to be adapted for the respective case. 
Consequently, industry specific know-how about 
relevant cycles is required to adjust the model.  
In general, the model enables high-level compre-
hension about cycle networks, but the reference to 
specific parts of manufacturing (e. g. single 
manufacturing resources, manufacturing structures) 
remains unspecific. 
Going forward, the dynamic cycle network can be 
used as a sound basis for further improvement, 
specification of quantitative interdependencies, 
extension with further influences and the optimization 
regarding occurrence of manufacturing change cycles. 
Furthermore, the validity of the System Dynamics model 
could be tested with empirical data. Evidently, this might 
necessitate parameter optimization of the individual 
cycle models. Besides, the model could be used to 
scrutinize different strategies for economical 
reconfigurations of manufacturing systems – e. g. 
depending on shifting or combination of necessary 
adaptations to minimize down-time. In addition, the 
integration of a fuzzy logic is considered to be a 
promising field for further research to cope with 
imprecise information. 
6. Conclusion 
Influences on manufacturing have been and remain of 
interest for production planning. Most influences show a 
Fig. 1. Cycle patterns without interdependencies
Fig. 2. Engineering and manufacturing change cycles
Fig. 3. MSC and MRC resulting from interdependencies
Fig. 4. Resulting PLC and MSC cycles
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dynamic behavior over time and interdependencies. Up 
to date, research focused mainly on the identification, 
classification and modeling of single influences. 
However, understanding and quantitative modeling of 
their interdependencies contributes to an improved 
manufacturing planning. This paper introduces a 
dynamic cycle network based on System Dynamics and 
previous research conducted within the Collaborative 
Research Center SFB 768. Results indicate the general 
validity and applicability of this approach and extend 
understanding of dynamic influences on manufacturing. 
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